HISTAMINE IS A WELL-RECOGNIZED inflammatory mediator that, when released from mast cells, can cause vasodilation, increased vascular permeability, gastric secretion, and contraction of bronchiolar and gastrointestinal smooth muscle (1) . Histamine is present in almost all mammalian tissue, and it has been found to be particularly abundant in tissues containing high numbers of mast cells such as skin, mesenteric endothelium, and intestinal mucosa (16) .
The gallbladder wall is also rich in histamine-containing mast cells, which are distributed in the mucosa and muscularis/serosa layers (14) . Studies (12, 14, 17, 19, 28) of gallbladder motility have demonstrated that histamine causes a contraction in human, pig, opossum, and guinea pig tissues. However, when histamine receptor subtype-specific compounds have been employed, it has been demonstrated that both H 1 and H 2 receptors are present, with H 1 receptors causing a contraction and H 2 receptors mediating a relaxation (6, 14, 28) .
Although no studies of neuronal histamine responses have been conducted in the gallbladder, histamine responses have been detected in ganglia of the enteric nervous system. Electrophysiological studies (10, (25) (26) (27) ) have demonstrated the presence of H 2 and H 3 receptors in ganglia of the guinea pig small intestine and colon. These studies (10, (25) (26) (27) of enteric ganglia have demonstrated that activation of H 2 receptors causes a membrane depolarization and a dramatic increase in neuronal excitability, whereas activation of H 3 receptors causes a presynaptic inhibition of ACh release.
The aim of the present study was to examine the effects of endogenous and exogenous histamine on the electrical activity of individual gallbladder smooth muscle cells and on ganglionic neurotransmission. Recording techniques were used to evaluate responses to histamine and receptor subtype-specific analogs. In addition, compound 48/80, which degranulates mast cells, was employed to test the effects of endogenous histamine on gallbladder smooth muscle.
METHODS

Intracellular Recording Studies
Guinea pigs of either sex, weighing between 250 and 350 g, were euthanized with deep halothane anesthesia and exsanguination. The abdominal cavity was then opened, and the gallbladder was removed and transferred to iced Krebs solu-tion of the following composition (in mM): 121 NaCl, 5.9 KCl, 2.5 CaCl 2 , 1.2 MgCl 2 , 25 NaHCO 3 , 1.2 NaH 2 PO 4 , and 8 glucose. The wall of the gallbladder was incised from the end of the cystic duct to the base and trimmed of any adherent liver tissue. Residual bile was rinsed away with Krebs solution, and the organ was stretched and pinned flat, mucosal side up, in recirculating iced Krebs solution. The mucosa and underlying connective tissue were gently removed with forceps under microscopic observation.
The gallbladder whole mount preparation was then transferred to a tissue chamber with a capacity of 3 ml and pinned serosal side up. The tissue chamber was placed onto the stage of the inverted microscope (Nikon, Diaphot), where the tissue was continuously perfused with Krebs solution (37°C), pH 7.4, that was aerated with 95% O 2 -5% CO 2 . Ganglia and bundles of smooth muscle were visualized at ϫ200 using Hoffman modulation contrast optics (Modulation Optics, Greenvale, NY). Wortmannin (100-400 nM), which inhibits myosin light chain kinase activity without altering electrical properties or Ca 2ϩ transients in smooth muscle (2, 3) , was added to the Krebs solution to inhibit tissue contractions and therefore increase the durations of cell impalements.
The electrophysiological methods that were used in this study to evaluate smooth muscle and neurons are similar to those previously described (15, 20, 30) . Briefly, glass microelectrodes used for intracellular recording were filled with 2.0 M potassium chloride and had resistances in the range of 60-80 M⍀. Transmembrane potential was measured with an Axoclamp-2A amplifier (Axon Instruments), and outputs were displayed on an oscilloscope (Hitachi VC-6050). Electrical signals were recorded on VHS tapes via a pulse code modulator (model 525; A.R. Vetter, Rebersburg, PA), printed on thermal chart paper (Astro-Med, West Warwick, RI), and saved using the MacLab computer program (CB Sciences, Milford, MA). Synaptic inputs were elicited in gallbladder neurons using monopolar extracellular electrodes made from Teflon-coated platinum wire (25-m diameter). Stimulation duration was 0.3-0.5 ms, and frequency was 0.5 Hz.
Patch-Clamp Studies
The whole-cell configuration of the patch-clamp technique was used to examine the actions of the H 2 receptor agonist dimaprit (25 M) on ATP-sensitive K ϩ (K ATP ) currents recorded from isolated gallbladder smooth muscle cells voltage clamped at Ϫ60 mV. Glibenclamide-sensitive currents were taken as a measure of K ATP currents.
Gallbladder smooth muscle cells were isolated as described previously (9, 30) . Briefly, guinea pig gallbladders, minus the mucosal layer, were cut into small strips and rinsed in Ca 2ϩ -free cell isolation solution (solution E) composed of (in mM) 55 NaCl, 80 monosodium glutamate, 2 MgCl 2 , 6 KCl, 10 glucose, and 10 HEPES (adjusted to pH 7.3 with NaOH). The pieces of gallbladder were transferred to an enzyme solution containing 1 mg/ml BSA, 1 mg/ml papain (23 U/mg; Worthington, Lakewood, NJ), and 1 mg/ml dithioerythreitol (Sigma Chemical, St. Louis, MO) and incubated at 37°C for 30-35 min. The tissue pieces were transferred to a tube containing solution E and 1 mg/ml BSA, 1 mg/ml collagenase (1.01 U/mg, Fluka, Milwaukee, WI), and 100 M CaCl 2 for an additional 8-12 min. The tissue was then rinsed in chilled enzyme solution and triturated with a flame-polished glass Pasteur pipette to yield single smooth muscle cells. Cells were stored in glass vials on ice until required.
Patch electrodes were filled with a solution containing (in mM) 102 KCl, 38 KOH, 10 NaCl, 1 MgCl 2 , 1 CaCl 2 , 10 EGTA, 0.1 Na 2 ATP, 0.1 ADP, 0.2 Na 2 GTP, 10 glucose, and 10 HEPES adjusted to pH 7.2 with KOH and bathed in a solution containing (in mM) 140 KCl, 1 MgCl 2 , 10 HEPES, 10 glucose, and 0.1 CaCl 2 (pH 7.4).
Compounds were applied by either pressure microejection from glass micropipettes (0.01-1 mM in Krebs solution; 15-to 20-M tip diameter) with pulses of nitrogen gas (300 kg/cm 2 , 10-500 ms in duration) or addition to the bathing solution. The distance between the tip of the microejection and the impaled smooth muscle cell was maintained between 50 and 100 m. Histamine, wortmannin, compound 48/80, and dimaprit were purchased from Sigma Chemical. Mepyramine, ranitidine, and R-␣-methylhistamine were purchased from Research Biochemicals International (Natick, MA). For stock solutions, all drugs were initially dissolved in distilled H 2 O, with the exception of wortmannin, which was dissolved in DMSO.
Toluidine Blue Staining
Gallbladder preparations were fixed in 0.6% formaldehyde and 0.5% acetic acid (pH 2.9) for 4-12 h at 4°C and then placed in 70% ethanol for 12 h. The tissues were subsequently dipped in 0.5% solution of toluidine blue in acetate buffer (pH 4.0) for 10 s, rinsed in a 0.05% acetate buffer (pH 4.0) for 10 s, and fully rinsed in distilled water for 5-10 s. The preparations were then mounted on glass slides and examined with standard bright-field optics.
Quantification and Statistics
Results are expressed as means Ϯ SE of n cells. The Student's t-test was used to determine the significance of differences between sets of data. P Յ 0.05 was considered statistically significant.
RESULTS
Activation of Histamine Receptors in Gallbladder Smooth Muscle
Intracellular recordings were made from 154 guinea pig gallbladder smooth muscle cells in 84 preparations, and the mean membrane potential was Ϫ53.2 Ϯ 0.6 mV. The properties of gallbladder smooth muscle cells impaled in the current study were comparable to those observed in previous studies (30) . Typically, each action potential comprised four phases: a rapid depolarization upstroke, a transient repolarization downstroke, a plateau phase, and a complete repolarization back to the resting membrane potential. Spontaneous action potentials typically occurred at a frequency of 0.3-0.4 Hz. Occasionally, however, the normal lowfrequency pattern of individual action potentials was disrupted by high-frequency bursts of action potentials.
Actions of histamine. Histamine (100 nM-1 mM) caused a concentration-dependent membrane depolarization that was associated with an increase in action potential frequency (Fig. 1 ). Membrane depolarizations (measured from the baseline membrane potential before the upstroke of an action potential) were detected at concentrations as low as 1 M, and at the highest concentration tested (1 mM), histamine usually caused smooth muscle contractions resulting in the loss of the impalement. The amplitude of the maximal depolariza- (6, 14, 28) . To establish the relative contributions of H 1 and H 2 receptor activation to the membrane potential changes caused by histamine, histamine was superfused in the presence of either the H 1 antagonist mepyramine or the H 2 antagonist ranitidine. Application of histamine in the presence of the H 2 antagonist ranitidine (10 M; Ն15 min before histamine application) resulted in a shift to the left of the histamine concentration-effect curve (Fig. 2) . In the presence of ranitidine, the amplitudes of the membrane depolarizations caused by histamine at concentrations of 1, 10, and 100 M were significantly increased ( Fig. 2 ; P Յ 0.0005). Conversely, in the presence of mepyramine (1 M; applied Ն15 min before histamine application), there was a transient elimination of action potentials associated with a concentration-dependent hyperpolarization (Fig. 3) . The hyperpolarization was initially detected at a histamine concentration of 10 M, and the maximum hyperpolarization (8.6 Ϯ 1.3 mV, n ϭ 5) was observed at 1 mM histamine.
To further examine the electrical response associated with activation of the H 2 receptor, the H 2 receptor agonist dimaprit was applied to the gallbladder preparations. Similar to the response to histamine in the presence of mepyramine, dimaprit caused a marked reduction in action potential generation and a concentration-dependent hyperpolarization. The threshold for the hyperpolarization was 1 M dimaprit, and the peak response was detected at 1 mM (11.4 Ϯ 0.7 mV, n ϭ 4) (Fig. 4) . At the highest concentrations of dimaprit (1 mM), some cells never fully recovered to the H 2 receptor activation leads to K ATP channel opening. H 2 receptor activation typically leads to the activation of the adenylate cyclase signal transduction pathway (8, 18) . Because this pathway is tightly linked to the opening of K ATP channels in gallbladder smooth muscle (29, 31) , we tested whether K ATP channels are involved in the H 2 receptor-mediated responses in gallbladder smooth muscle. For these experiments, the K ATP channel blocker glibenclamide (10 M) was used, and as we have reported previously (31) , glibenclamide caused a slight depolarization of the membrane as it entered the bathing solution. Glibenclaminde significantly reduced the amplitude of the hyperpolarization elicited by dimaprit (control, 11.5 Ϯ 3.8 mV; glibenclamide, 0.4 Ϯ 0.4 mV; PՅ0.025; n ϭ 4; Fig. 5 ). Furthermore, in isolated gallbladder myocytes, dimaprit caused the activation of a glibenclamide-sensitive current (Fig. 5) . The amplitude of the glibenclamide-sensitive component of the current activated by dimaprit was 29.9 Ϯ 5.4 pA (n ϭ 5).
Actions of Histamine in Gallbladder Ganglia
Histamine, acting at H 2 receptors, has been shown to have a direct excitatory effect on neurons in guinea pig small intestine and colon. Furthermore, histamine act- ing at H 3 receptors causes presynaptic inhibition of ACh release in these ganglia (10, 26) . Therefore, in the present study, intracellular recordings were made from individual guinea pig gallbladder neurons to examine the effects of histamine on neuronal excitability and synaptically evoked responses.
The H 3 agonist R-␣-methylhistamine was used to determine whether activation of presynaptic H 3 receptors alters excitatory synaptic transmission in gallbladder neurons. In control conditions, the mean amplitude of the fast excitatory postsynaptic potential (fast EPSP) evoked by interganglionic fiber tract stimulation was 19.0 Ϯ 3.5 mV. The amplitude of the fast EPSP was not significantly altered by the addition of the H 3 agonist (100 M) into the bath (amplitude ϭ 20.1 Ϯ 2.7 mV; n ϭ 5; P Ͼ 0.05) (Fig. 6A) .
The amplitude of the fast EPSP was also measured in the presence of histamine. Histamine did not significantly alter the amplitude of the fast EPSP (control, 17.9 Ϯ 4.7 mV; histamine, 20.4 Ϯ 6.0 mV; n ϭ 6; P Ͼ 0.05) (Fig. 6A) , supporting the view that presynaptic histamine receptors are not present on cholinergic nerve terminals in gallbladder ganglia.
The direct effects of histamine and dimaprit on gallbladder neurons were also investigated. When histamine (10-100 M) was applied to the bath, the mean membrane potential was not altered (control, Ϫ52.2 Ϯ 2.0 mV; 10 M histamine, Ϫ51.2 Ϯ 2.0 mV; n ϭ 4; P Ͼ 0.05; control, Ϫ51.8 Ϯ 2.4 mV; 100 M histamine, Ϫ52.1 Ϯ 1.9 mV; n ϭ 8) (Fig. 6B) . Furthermore, the membrane potential of gallbladder neurons was not significantly affected by dimaprit (control, Ϫ49.6 Ϯ 3.5 mV; 100 M dimaprit, Ϫ48.1 Ϯ 4.4 mV; n ϭ 5) (data not shown). In addition, the responsiveness of the gallbladder neurons to depolarizing current pulses did not change in the presence of histamine (Fig. 6B) or the H 2 agonist dimaprit. These findings suggest that histamine does not affect the excitability of gallbladder neurons.
Actions of Endogenous Histamine Released by Compound 48/80
Morphological studies involving toluidine blue histological staining, or immunostaining with antisera directed against histamine, have demonstrated an abundance of mast cells in the muscularis of the guinea pig gallbladder (14) . Therefore, we tested whether release of endogenous histamine from mast cells could act on gallbladder smooth muscle. To accomplish this, we added the mast cell degranulator compound 48/80 (50 ng/ml) to the Krebs solution while recording from individual smooth muscle cells with intracellular recording electrodes.
Preliminarystudies were performed to confirm that mast cells in the gallbladder would degranulate in response to compound 48/80. These studies were conducted because only connective tissue mast cells, but not mucosal mast cells, respond to this compound and because the mast cells in the wall of the gallbladder have not been previously classified. Guinea pig gallbladders were divided into two whole mount preparations of equal size that were pinned flat to the bottom of a petri dish coated with Sylgard. One of the preparations was placed in a container of Krebs solution, and the other was placed in a container of Krebs solution with 50 ng/ml of compound 48/80. After 15 min, the preparations were fixed and histochemically stained with toluidine blue, which reveals mast cell granules. Mast cells were abundant in control preparations but were extremely sparse in preparations treated with compound 48/80 ( Fig. 7 ; n ϭ 4). These data indicate that compound 48/80 is an effective degranulator of guinea pig gallbladder mast cells. Fig. 7 . Application of the mast cell degranulator compound 48/80 to gallbladder smooth muscle causes a mepyramine-sensitive depolarization. The photomicrographs depict gallbladder whole mount preparations stained with toluidine blue. The photomicrograph at left is from a preparation that was bathed in normal Krebs solution before fixation. The photomicrograph at right was bathed in compound 48/80 before fixation. Mast cells were abundant in the control preparation (arrows), but were not visible in the treated preparations. The traces demonstrate intracellular recordings from gallbladder smooth muscle. The trace at left shows a depolarization generated after the addition of compound 48/80 to the bath. When compound 48/80 was applied in the presence of the H 1 receptor antagonist mepyramine, the cell did not depolarize and there was a reduction in spontaneous action potential frequency. Resting membrane potentials: left trace, Ϫ49 mV; right trace, Ϫ53 mV.
In the 12 cells tested with smooth muscle intracellular recording techniques, compound 48/80 elicited a depolarization of 7.9 Ϯ 2.4 mV that was associated with a 46% increase in action potential frequency (control, 0.6 Ϯ 0.06 Hz; compound 48/80, 0.8 Ϯ 0.08 Hz; P ϭ 0.001) (Fig. 7A) . In the presence of compound 48/80 plus the H 1 antagonist mepyramine, no change in resting membrane potential was detected, but there was a 43.17% decrease in action potential frequency (n ϭ 5).
DISCUSSION
Histamine is an inflammatory mediator that can alter gastrointestinal motility through direct actions on smooth muscle and by actions in local ganglia.
The results of the current study indicate that histamine added exogenously or released from mast cells can greatly enhance gallbladder smooth muscle excitability through direct actions on the smooth muscle but does not directly affect ganglionic transmission.
Smooth Muscle
Previous studies (12, 14, 17, 19, 28) of gallbladder muscle strips and in vivo preparations have demonstrated that histamine causes a contraction of the gallbladder. Studies (6, 14, 28) involving receptorspecific analogs of histamine indicate that the contraction involves activation of gallbladder smooth muscle H 1 receptors and that selective activation of H 2 receptors can relax the gallbladder. The electrical properties of the effects of histamine on gallbladder smooth muscle are consistent with these findings. In the current study, histamine caused a concentrationdependent depolarization and increase in smooth muscle excitability. This response was difficult to study at high concentrations because histamine caused contractions, leading to a loss of the intracellular impalement. The net effect of histamine was apparently the result of activation of both H 1 and H 2 receptors, which had excitatory and inhibitory effects, respectively. Blockade of the H 2 receptor increased the potency of histamine, shifting the concentration-effect curve for histamine to the left. Increases in both action potential frequency, which is Ca 2ϩ dependent (30) , and depolarization, which increases the open-state probability of the dihydropyridine-sensitive Ca 2ϩ channels (30) , result in increased intracellular Ca 2ϩ . This would in turn lead to enhanced excitation-contraction coupling. It is not yet clear how the activation of the H 1 receptor causes the depolarization, but in other tissues, the H 1 receptor is primarily coupled to G q/11 proteins and stimulates phospholipase C (18) . Whether this leads to activation of inward cationic currents, and/or suppression of K ϩ currents, is not clear at this time. In our studies, application of the H 2 agonist dimaprit or application of histamine in the presence the H 1 receptor antagonist mepyramine caused a membrane hyperpolarization and a decline in the generation of spontaneous action potentials. The H 2 receptor is a G protein-linked receptor coupled to the adenylate cyclase signal transduction pathway (18) . We (29, 30) have previously demonstrated that activation of this pathway in gallbladder smooth muscle by calcitonin gene-related peptide or forskolin results in an increased K ATP conductance, which leads to a membrane hyperpolarization. Data presented in the current study indicate that the H 2 receptor-mediated membrane hyperpolarization also involves the activation of the K ATP current. The K ATP channel blocker glibenclamide suppressed hyperpolarizations that were activated by the H 2 agonist dimaprit. Furthermore, dimaprit activated a glibenclamide-sensitive current in isolated smooth muscle cells. These data represent the first evidence that activation of the H 2 receptor can activate the opening of K ATP channels.
The role of the mast cell in gallbladder pathophysiology is not fully understood. Immunohistochemical studies (14) have demonstrated that histamine-immunoreactive mast cells are present within both the mucosa and muscularis/serosal layers of the guinea pig gallbladder. Because gallbladder nerves are not immunoreactive for histamine (Jennings and Mawe, unpublished observations), mast cells are the primary source of endogenous histamine within the gallbladder. It is quite possible that cholecystitis is associated with mast cell degranulation. Results from this study support the concept that endogenously released histamine can have a direct effect on gallbladder smooth muscle. Application of the mast cell degranulator compound 48/80 resulted in a depolarization of gallbladder smooth muscle that was associated with an increase in smooth muscle action potential frequency. Application of compound 48/80 in the presence of mepyramine led to a decrease in the frequency of spontaneous action potentials with little change in the membrane potential of gallbladder smooth muscle. Histological studies, using toluidine blue staining of mast cell whole mount preparations of the guinea pig gallbladder, demonstrated that compound 48/80 caused degranulation of the mast cells. Intracellular recordings demonstrated that the amplitude of the depolarization resulting from application of compound 48/80 correlates with a histamine concentration of ϳ10 M, based on the concentration-effect curve for histamine. Furthermore, 10 M histamine in the presence of mepyramine caused a decrease in action potential frequency with little change in membrane potential. Together, these data indicate that gallbladder smooth muscle can be exposed to histamine concentrations of at least 10 M after mast cell degranulation; however, experimental conditions involving circulating solutions may result in an underestimate of the histamine concentrations that are involved. Local concentrations of histamine in tissues after mast cell degranulation can be as high as 0.1-1 mM (7).
Ganglia
Histamine has been shown to elicit direct and presynaptic actions in enteric and sympathetic ganglia (4, 5, 10, (25) (26) (27) . In the gut, histamine has a direct, H 2 receptor-mediated, excitatory effect on enteric neurons, involving a prolonged depolarization associated with the generation of action potentials. Histamine also acts presynaptically, on H 3 receptors, in enteric ganglia to inhibit transmitter release. Data from the current study indicate that histamine receptors do not exist in gallbladder ganglia because histamine had no detectable effect, either pre-or postsynaptically, in these ganglia. This was an unexpected discovery considering the actions of histamine in other autonomic ganglia and the finding that gallbladder ganglia are an important target for various hormones, neuroactive compounds, and immune-mediating agents, such as cholecystokinin, norepinephrine, substance P, calcitonin gene-related peptide, and PGE 2 (11, 13, (21) (22) (23) (24) . On the other hand, the lack of a neuronal response in gallbladder is consistent with the previously reported finding (14) that R-␣-methylhistamine did not alter responses of guinea pig gallbladder muscle strips to electric field stimulation.
Concluding Remarks
In conclusion, histamine elicits its effects on gallbladder motility through direct actions on gallbladder smooth muscle. The smooth muscle response represents a balance between a H 1 receptor-mediated excitatory response and a H 2 receptor-mediated inhibitory response. Furthermore, we report here the novel finding that activation of the H 2 receptor can lead to the activation of a K ATP current and that this is the mechanism for the H 2 receptor-mediated membrane hyperpolarization of gallbladder smooth muscle. Finally, histamine released from mast cells produces a depolarization of gallbladder smooth muscle, indicating that mast cell degranulation could contribute to pathophysiological changes in gallbladder tone that are associated with cholecystitis.
